Annealing of carbon nanotubes coated with thin and uniform TiO 2 results in carbon diffusion into oxygen lattices and doping induced redshift is evident by an efficient photocatalysis at visible light. The underlying mechanism is discussed.
Titanium dioxide ͑TiO 2 ͒ known capable of generating photocatalysis under UV irradiation has drawn much attention in recent years and its oxidative potential is attributed to the anatase structure. [1] [2] [3] [4] A photodiode effect emerges when oxide is deposited onto carbon nanotubes ͑CNTs͒ and promoted short-circuit photocurrent has been verified arising from the reduced recombination kinetic of exciton upon charge transfer across interface. [5] [6] [7] Production of oxidenanotube composites currently relies on sol-gel and chemical vapor deposition whereas oxidative potential is often limited by nonuniform and fragmentalized coating. 6 In this work, thin and uniform TiO 2 coated CNTs are produced via atomic layer deposition ͑ALD͒ and coating becomes crystallized upon annealing. Photocatalysis is enhanced and verified by rapid degradation rate of methylene blue ͑MB͒ under UV irradiation. Composites remain as an efficient photocatalyst at visible light and underlying mechanism is discussed.
Aligned multiwalled CNT ͑MWCNT͒ arrays are produced by pyrolysis of ferrocene and xylene on a Si-wafer and are subsequently transferred into an ALD reactor heated at 150°C. 8 A TiCl 4 / H 2 O flow is then introduced into chamber and flow rate is controlled at 0.25 Å/cycles. [9] [10] [11] ALD treated MWCNTs are then extracted and annealed in an Ar filled electrical furnace ͑450°C, 2 h͒. [2] [3] [4] Annealed materials are characterized by powder x-ray diffraction ͑XRD͒, scanning/ transmission electron microscopy ͑SEM/TEM͒, elemental mapping and nano-Auger operated at 2.5 keV. The redox performance is evaluated by UV-vis adsorption-reflection spectra at 200-800 nm wavelength. Figure 1͑a͒ displays SEM images of ALD treated MWCNTs and average tube length has been evaluated to be 30-32 m. Compared with bare CNTs the ALD treated tubes are slightly thicker and tadpolelike tips due to catalytic particles become apparent ͓Fig. 1͑b͔͒. It is noteworthy that CNTs are electrical conductors and conjugated surfaces do not accumulate electrons upon SEM imaging. Accordingly, the charging induced bright-field contrast possibly arises from ALD produced coating oxides ͓Fig. 1͑a͔͒. Figure 2͑a͒ shows an ALD treated CNT before annealing, and coating is evident by ͑i͒ varied outer diameters along tube axis and ͑ii͒ dark fringe contrast at the outer rims ͓Figs. 2͑b͒-2͑d͔͒. The average coating thickness revealed by point-to-point location marking software is 5 Ϯ 1 nm and similar value is also detected at different coated tubes. Compared with pristine composites annealing induced variation in coating thickness is very small and lies on Ϯ3 -5%. Figure 2͑e͒ shows elemental mapping of a coated tube and Ti/O ratio detected at the outer layers is 0.5-0.6. It is noteworthy that oxide is brittle in nature and structure often disintegrates upon ultrasonic treatment. 12 In our study, oxide debris due to fracture and detachment are not found, attributable to cushioning effect arising from tube flexibility and sufficient interfacial binding. 13 No XRD features are distinguishable before annealing and broadbands centered at 2 = 26°and 44°corre-spond to interlayer ͑002͒ and in-plane ͑100͒ reflections of CNTs. 19 Annealing however induces prominent diffractions at 2 = 24.5°, 37°, and 48°and band position and width appear to fit well with ͑101͒, ͑004͒, and ͑200͒ crystallographic planes of anatase phase. We have calculated the grain size based on the Scherrer equation ͑0.89 / ␤ cos ͒, where is electron beam wavelength ͑1.54056 Å͒ and ␤ is full-width at half maximum ͑FWHM͒. Insertion of obtained ␤ into equation gives 1.3 nm along ͑101͒ axis; value which is smaller than coating thickness observed in TEM study and is attributable to the fact that crystallization on a curved matrix is essentially difficult.
14 Two factors however cannot be ruled out in causing grain size reduction, i.e., oxygen deficient lattices and annealing caused C-doping; the former is often a͒ Electronic mail: wkhsu@mx.nthu.edu.tw. 
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found in oxide nanostructures [1] [2] [3] [4] and the latter will be discussed in the text.
Photocatalysis arising from coated oxide is characterized by degradation rate of MB and procedure is briefed as follows. Coated MWCNTs ͑100 mg͒ scraped from silicon substrate are ultrasonically dispersed in MB-water solution ͑15.6 mM, 500 ml͒ and reduced MB concentration ͑C͒ upon UV-365 nm ͑8 W͒ and white light ͑WL͒ 380-750 nm ͑27 W͒ irradiation is monitored by UV-vis adsorption spectra. The C / C o is calculated according to peak area integration at 600-700 nm where C o represents initial MB concentration.
15 P-25 known as an efficient photocatalyst ͑Degussa AEROXIDE, Evonik Industrial group, 20% rutile and 80% anatase͒ is also tested for a comparison. Figure 3͑a͒ displays C / C o versus irradiation time and a rapid decay appears at 0-25 min. MB degradation begins to alleviate after irradiation for 30 min and becomes time-independent after 40 min. Compared with composites the P-25 excited with UV-365 nm exhibits a faster MB degradation rate at initial stage whereas the oxidative potential rapidly decreases as irradiation is prolonged. Photocatalysis however remains efficient in coated nanotubes after 30 min and C / C o decreases to 87% at 90 min. It is worth mentioning due to nanotube matrix that actual quantity of oxide in composites is much lower relative to P-25 and oxide content in both samples has been estimated to be 350-500:1 by weight. In other words, a greater C / C o reduction rate may be achieved in our composite at equivalent oxide quantity. Upon WL irradiation the MB degradation by P-25 becomes inefficient and C / C o decreases by 55%. is reduced by 70% at 90 min. Figure 3͑b͒ shows optical spectra at 200-800 nm and oxide adsorption at 410-800 nm is very small, accounting for low MB degradation by WLirradiation ͓blue, Fig. 3͑a͔͒ . Adsorption then rapidly increases below 410 nm and reaches 85% at 320 nm, consistent with rapid degradation at UV-irradiation ͓green, Fig.  3͑a͔͒ . For composites the adsorption approximates 99% at 400-800 nm and decreases by 3% below 350 nm, in agreement with Fig. 3͑a͒ + OH•, where h + is band-to-band transition created hole carriers. Namely, the WL excited photocatalysis is attributed to band gap shrinkage, in contrast with quantum confinement induced blueshift previously detected at amorphous oxide. 17 In our study, as-made composite has been annealed and carbon diffusion into oxide phase seems feasible. In this respect, the band gap is probably reduced as a result of doping state creation near to the E F . First, a 9.7% content of C ͑1s͒ is detected by Auger spectra, along with signals arising from Ti ͑2p 1 and 2p 3 ͒ and O ͑1s͒ ͓Fig. 3͑c͔͒. No feature is distinguishable at 280-290 eV, implying ͑i͒ the absence of Ti-C in annealed sample and ͑ii͒ doping via oxygen lattice substitution. Second, TiO 2−x C x nanostructures exhibit a greater photocurrent and water splitting capability before annealing. 18 Third, doping concentration can reach 8%-42% in oxide, 18 consistent with current study. We have calculated the reaction rate constant ͑k͒ based on equation r = k͓C͔ n where r is reaction rate and n is reaction order. For MB degradation the reaction is the first order ͑n=1͒ and k can be obtained by plotting ͓ln C / C o ͔ versus irradiation time. 16 Figure 3͑d͒ plots ln C / C o at 0-5 min and time between Ϫ3-0 min represents sample installation into excitation stage prior to onset of irradiation ͑i.e., vertical dashed line͒. For P-25 the degradation only occurs when MB-oxide solution is exposed to irradiation and reaction appears to be k UV Ͼ k WL , agreeing with Fig.  3͑a͒ . Interestingly, the MB degradation by composites takes place before irradiation and concentration has decreased by 27% ͑UV͒ and 30% ͑WL͒ at 0 min, indicative of proton generation by indoor illumination during sample preparation. Table I lists k obtained at different irradiation times. Between Ϫ3-0 min the k composite is greater than k P-25 by one order of magnitude, supporting indoor illumination induced MB degradation. The k increases rapidly when oxide is exposed to UV irradiation and k UV Ͼ k WL again emerges at 0-2 min, consistent with Fig. 3͑d͒ . For composites the k slightly decreases with irradiation and is still greater than k WL in oxide at 0-2 min. Prolonged irradiation to 5 min results in k UV ӷ k WL for oxide and k UV Ϸ k WL for composites. In addition to doping enhanced photocatalysis at visible light, the thin coating also plays a crucial role in promoting composite's k, first, TiO 2 is hydrophilic in nature so coating facilitates CNT dispersion in solution, and second, thin coating does not significantly change the CNT aspect ratio and decrease in specific surface area is therefore negligible. Azimuth Auger scan at a rate of 6 nm/min clearly shows the O, Ti, and C profiles and concentration only fluctuates at 0.03-0.05 at. % nm −1 .
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Repeated experiments give a similar data and carbon content remains around 9 -13 at. %, again supporting uniform coating in our study. Finally, it is worth mentioning that Figs. 3͑a͒ and 3͑d͒ come from the same experiment; the latter however is made to uncover reaction rate constant ͑k͒ so variation in MB concentration is plotted as ln C / C o and time scales only at proton generation step ͑0-5 min͒. 16 In this respect, the coated CNTs induced MB degradation before irradiation truly originates from excitation by indoor illumination during sample installation into chamber ͓red and dark curves, Fig. 3͑d͔͒ , consistent with WL excited data and reflectance spectra ͓Fig. 3͑c͔͒. 
